Abstract. Neuregulin-1 (NRG-1) is considered to be a potential therapeutic agent for cardiovascular diseases due to its diverse protective effects. The aim of the present study was to investigate the effect of NRG-1 on cardiac electrophysiology in rats with myocardial infarction (MI). The rats were randomly divided into three groups: The sham operation group (SO; n=8); MI group (n=8); and the MI with recombinant human NRG (rhNRG)-1 administration group (NRG-1 group; 10 µg/kg; n=8). A rat MI model was established via ligation of the left anterior descending coronary artery. The rats in the NRG-1 group received a 10 µg/kg rhNRG-1 injection through the tail vein 30 min prior to ligation. Following 24 h of intervention, the field potential (FP) parameters, including the interspike interval (ISI), field potential duration (FPD), FPrise, FPmin, FPmax and conduction velocity (CV), were measured using microelectrode array technology. Subsequently, burst pacing was performed to assess ventricular arrhythmia (VA) susceptibility in the left ventricle. FP parameters in the MI group were significantly different when compared with those observed in the SO group. ISI, FPD, FPrise and FPmax in the infarct, peri-infarct and normal zones, as well as the CV of the infarct and peri-infarct zones, were all significantly decreased, and FPmin in the normal zone was increased (P<0.05). However, when compared with the MI group, NRG-1 prolonged the ISI and FPD in the 3 zones, and increased FPrise in the infarct zone, FPmax in the normal zone and CV in the peri-infarct zone; it also decreased FPmin in the normal zone (P<0.05). Furthermore, the incidence of VA was significantly reduced in the NRG-1 group when compared with the MI group (P<0.05). In conclusion, NRG-1 improved cardiac electrophysiological properties and reduced VA susceptibility in acute MI.
Introduction
Neuregulin-1 (NRG-1), which belongs to the epidermal growth factor family, is critical for cardiac development and functional maintenance of the mature myocardium (1) . It was first detected in neural tissue, where it was reported to promote Schwann cell proliferation (2) . Subsequent studies have revealed that NRG-1, through a group of associated protein-tyrosine kinase receptors known as ErbB (ErbB1-ErbB4) receptors (via the NRG-ErbB signaling axis) (3) (4) (5) (6) , serves vital roles in the cardiovascular system: It promotes cardiac performance, improves cardiac function, attenuates disease markers and prolongs survival. The cardioprotective effect of NRG-1 was first reported to prevent anthracycline-induced myofilament injury (7, 8) . Subsequently, animal experiments and preclinical trials have demonstrated that it serves important roles in maintaining cardiomyocyte structure and cardiac pumping functionality (9) (10) (11) (12) . It has also been identified to promote the proliferation and differentiation of cardiomyocytes in the developing or injured heart, thereby protecting against remodeling, fibrosis, apoptosis, myofibrillar disarray and scar formation (13) (14) (15) (16) . Therefore, it may represent a promising therapeutic strategy for heart failure, ischemia, dilation and hypertrophic cardiomyopathy (17, 18) . Although NRG-1 has been confirmed to have multi-target advantages in the cardiovascular system, there are limitations in our understanding of the effect of NRG-1 on cardiac electrophysiology. In a genetic predictors study, namely the Oregon Sudden Unexpected Death Study, a missense variant in NRG-1 was identified to be associated
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PANPAN RAO [1] [2] [3] , ZIQIANG LIU [1] [2] [3] , HUINAN DUAN 1, 4 , SONG DANG [1] [2] [3] , HAITAO LI 5 , LIANG ZHONG 6 , XIN WANG [1] [2] [3] , LONG WANG 1, 3, 7 and XI WANG with ventricular fibrillation-induced sudden cardiac death (SCD) (19, 20) . Following a review of the current literature, it was noted that NRG-1 affected cellular electrophysiology in the central and peripheral nervous system. Therefore, the effects of NRG-1 on cardiac electrophysiology should not be overlooked (21) . Previous studies have also demonstrated that NRG-1 protects the heart from acute ischemic injury (22) (23) (24) . In the present study, the aim was to investigate the effects of NRG-1 pretreatment on cardiac electrophysiology in rats with acute myocardial infarction (MI). Establishment of the rat MI model. Rats were anesthetized with an intraperitoneal injection of 1.5% pentobarbital sodium (Sigma-Aldrich; Merck KGaA) with a dose of 30 mg/kg body weight. Left intercostal thoracotomy was performed to expose the heart and the LAD coronary artery was ligated using a polypropylene suture under controlled ventilation (13) . Successful induction of MI was observed by the operators when the anterior and apical left ventricular myocardium gradually turned a dull, pale color, accompanied by a weakened pulse. In addition, the electrocardiogram exhibited a gradual ST segment elevation in the I, II and avL leads. Rats in the SO group underwent thoracotomy and pericardiotomy, but without LAD ligation. Following this, the chest was closed and the animals were allowed to recover in a warm and clean cage.
Materials and methods

Experimental animals and grouping.
Evaluation of infarct size. All rats were euthanized by cervical dislocation after all cardiac electrophysiology examinations. The heart was quickly excised, frozen at -20˚C and sliced into four 2.0-mm-thick sections perpendicular to the long axis of the heart from apex to base. The heart sections were incubated with 2% triphenyltetrazolium chloride (TTC) at 37˚C for 20 min in the dark and then fixed with 4% paraformaldehyde for 30 min at room temperature. Red parts in the heart stained by TTC indicated viable myocardium, whereas negatively stained areas represented infarcted myocardium and were pale in appearance. The infarct area was measured using ImageJ software 1.40 (National Institutes of Health, Bethesda, MD, USA) and the size of infarction area was expressed as a percentage of the whole left ventricle area.
Examination of cardiac electrophysiology in vivo.
Microelectrode array technology (MEA; Multi Channel Systems GmbH, Kusterdingen, Germany) was employed prior to and 24 h after the sham or ligation procedures, recording the extracellular field potential (FP) at a multiplicity of defined points in the ventricle. The flexible microelectrode array, FlexMEA36 electrode (Multi Channel Systems GmbH), was controlled using a micromanipulator to tightly attach on to the free wall of the left ventricle at baseline to record the amplitude, the duration and the conduction velocity (CV) of FP. A total of 24 h post-surgery, following the secondary thoracotomy, the FlexMEA36 electrode was placed on the infarct, peri-infarct and normal zones of the left ventricle in the MI and NRG-1 groups, and the corresponding zone in the SO group. The infarct zone was visually identified by its pale color. The peri-infarct zone was defined as the zone within 3 mm of the marginal zone between the infarct and non-infarct zones (25) . The grid of the FlexMEA36 electrode was a 6x6 array, including 32 recording electrodes, 2 reference electrodes and 2 ground electrodes, with a 30-µm electrode diameter and a 300-µm electrode spacing (Fig. 1) .
Selection of FP parameters. According to previous analyses and interpretations of the FP made by Banach and other researchers (26) (27) (28) , the present study selected the following FP parameters to characterize the ventricular epicardial electrophysiology and to observe the impact of changing propagation directions among single electrodes of the MEA. The depicted parameters analyzed were: The interspike interval (ISI); FPmin, defined as the size of the largest negative peak in a cycle; FPmax, defined as the size of the largest positive peak in a cycle; FPD, defined as the duration of the FP, in turn describing the interval between FPmin and FPmax; FPrise, defined as the time from the onset of the FP baseline to FPmin; FPpre, defined as the first positive peak in a cycle; and CV, defined as the first active spot to the last active spot in a contact region cycle. All the recorded signals were magnified using the amplifier and saved to a computer using a data acquisition system. The data were analyzed offline with cardio2D+ software (Fig. 2) .
Determination of ventricular arrhythmia (VA) susceptibility.
Following the completion of FP detection, burst pacing was conducted to determine the VA susceptibility at the left ventricular anterior free wall and apex of each heart, which consisted of 2 msec pulses at 50 Hz and the duration was 2 sec. This protocol was repeated three times following a 3 min rest period. VAs were defined as a series of consecutive 2 sec or more premature ventricular contractions. VA susceptibility was evaluated based on the incidence of VAs.
Statistical analysis. Statistical analyses were performed using SPSS 19.0 software (IBM, Corp, Armonk, NY, USA). All data are presented as the mean ± standard error. The differences of infarct sizes between MI and NRG-1 groups were performed using the unpaired Student's t-test. Comparisons of FP parameters between the three groups were conducted using one-way analysis of variance. Post hoc testing was performed for inter-group comparisons using the Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference.
Results
Animal model establishment and infarct size. A successful MI model was confirmed by ST segment elevation in leads I, II and avL ( Fig. 3A and B) . Once MEA and burst pacing in the cardiac electrophysiology tests were performed, the infarct sizes in the MI and NRG-1 groups were measured by TTC. (Fig. 3C and D) . The results revealed that there was no statistical significance between these two groups. These infarct sizes were 35.30±2.05 and 34.25±2.34%, respectively.
FP parameters at baseline. Prior to the sham or ligature surgeries, the FPs in the free wall of the left ventricle were recorded at the baseline. FPs that were demonstrated simultaneously from the 32 recording microelectrode spots were analyzed after a 15-min equilibrium in the signal stability.
The mean values of ISI, FPD, FPrise, FPmax, FPmin, and CV are presented in Table I . There were no statistically significant differences among the SO, MI and NRG-1 groups (Table I) .
Effects of NRG-1 on FP parameters in MI.
Synchronous, multifocal FP recordings were performed on the infarct, peri-infarct and normal zones of the left ventricle in the MI and NRG-1 groups, and the corresponding zone in the SO group. The ISI, measured as the time between the neighboring individual FPpre, reflected the heart rate. Compared with the SO group, the ISI in the three observation zones was shortened significantly in the MI group (P<0.05). However, in the NRG-1 group, NRG-1 pretreatment in rats with MI resulted in a reduced heart rate, measured as an increase in the ISI, when compared with the MI group (P<0.05). NRG-1 administration produced no statistically significant differences in the ISI when compared with the SO group (Table II) .
FPD refers to the duration of FP that corresponds to the action potential (AP) duration. It is measured as the time between the FPmin and FPmax, and thus between the depolarization peak (at FPmin) to the repolarization peak (at FPmax), with an indexed AP duration at 90% of repolarization (28) . Compared with the SO group, the FPD of the infarct, peri-infarct and normal zones was shortened significantly in the MI group (P<0.05). Furthermore, in the NRG-1 group, the FPD was significantly longer compared with that observed in the MI group (P<0.05), and its mean value was similar to that of the SO group (Table III) .
FPrise was measured as the time span between the decline of the voltage from the baseline to the FPmin, which is correlated with the AP upstroke time (27) . Compared with the SO group, the FPrise of the infarct, peri-infarct and normal zones significantly decreased in the MI group (P<0.05). The mean FPrise was significantly prolonged in the infarct zone of the NRG-1 group (P<0.05), with an increased tendency for prolongation in the peri-infarct and normal zones when compared with the MI group. There was no statistically significant difference in the three observation zones between the SO and NRG-1 groups (Table IV) .
FPmax was measured as the amplitude of the largest positive peak in a cycle, which was produced by tissue repolarization where the electrode was attached (28) . Compared with the SO group, the amplitude of the FPmax of the infarct, peri-infarct and normal zones in the MI group, and that of the infarct and peri-infarct zones in the NRG-1 group, decreased significantly (P<0.05). NRG-1 administration only significantly raised FPmax in the normal zone of MI rats (P<0.05). In the infarct and peri-infarct zones, the amplitude of FPmax exhibited no statistically significant greater tendency in the NRG-1 group when compared with that in the MI group (Table V) .
FPmin was measured as the amplitude of the largest negative peak in a cycle, which was produced by determining the depolarization of tissues attached to the electrode, as well as the association with the sodium ion current (28) . Compared with the SO group, the amplitude of FPmin in the normal zone of the MI group significantly increased (P<0.05), and in the NRG-1 group it was smaller than the FPmin of the MI group in the normal zone (P<0.05). There was no significant difference in FPmin in the infarct and peri-infarct zones among the three groups (Table VI) .
The multiplicity grid of the microelectrode points of FlexMEA36 facilitates the simultaneous location of FPs to investigate alterations in local activation and excitation spread (29) . The CV from the three areas during the sinus rhythm was analyzed using cardio2D+ software to calculate the origin and spread of excitation in a cycle from the first active spot to the last active spot of the contact region. Compared with the SO group, the CV of the infarct and peri-infarct zones in the MI and NRG-1 groups decreased significantly (P<0.05). Pretreatment with NRG-1 improved the excitation spread and increased the CV in the peri-infarct zone to a greater extent when compared with the MI group (P<0.05); however, no significant differences were observed in the infarct and normal zones between the two groups (Table VII) .
In addition, NRG-1 reduced VA susceptibility. During the burst pacing protocol, no VAs were elicited in the 8 rats of the SO group; however, they were significantly induced in 7 of the MI group rats (0.0 vs. 87.5%, respectively; P<0.05). Compared with the MI group, the incidence of VAs was lower in the NRG-1 group, as VAs were only recorded in 4 rats (87.5 vs. 50.0%, respectively; P<0.05; Fig. 4 ).
Discussion
NRG-1 is derived from the endocardial and microvasculature endothelium, and binds to the ErbB family of receptors in the heart, which activate a number of cellular processes in cardiac development and cardiac functional maintenance (8) . Several studies on exogenous NRG-1 pretreatment have reported that NRG-1/ErbB signaling protects cardiomyocytes from apoptosis, promotes progenitor cell recruitment and increases the proliferation and regeneration of cardiomyocytes to repair cardiac injury (30, 31) . In several animal studies, experimental therapy with NRG-1 resulted in the inhibition of cardiac remodeling and the induction of tissue revascularization (10, 32) . Two completed clinical trials revealed that rhNRG-1 produced favorable acute hemodynamic effects at 2 h post-rhNRG-1 infusion and preserved remodeling reversal effects to restore cardiac function (12, 17) . NRG-1 can there-2,17). NRG-1 can there-,17). NRG-1 can there-7). NRG-1 can there-). NRG-1 can therefore be considered as a therapeutic alternative for heart failure. However, the previously performed studies rarely investigated its effects on cardiac electrophysiology. Several studies reported that NRG-1 increased pacemaker current and the calcium transient gradient, without affecting L-type calcium current in cardiomyocytes; it also inhibited the acetylcholine (Ach)-activated potassium current in embryonic chick atrial myocytes (33) (34) (35) . Thus, to effectively evaluate exogenous NRG-1 for clinical use, its effects on cardiac electrophysiology require investigation.
The present study investigated the effects of NRG-1 pretreatment on cardiac electrophysiology in a rat MI model. Multielectrode recording was performed with MEA, which is a novel, sensitive and efficient technology that allows for simultaneous analysis of spatial electrophysiological differences (28) . The MEA technology allows for broad applications of different excitable multicellular preparations, including cultured cardiomyocytes, heart sections and the myocardium in vivo (26, (36) (37) (38) . The present study used MEA to analyze different FP parameters in order to characterize the electrophysiological properties that were affected by NRG-1 in the infarct, peri-infarct and normal zones in the MI model.
ISI is inversely correlated with heart rate; in the present study, administration of NRG-1 increased ISI 24 h post-ligation. Notably, increased heart rate at rest is considered to be an independent risk factor for cardiovascular morbidity and mortality in several heart diseases (39) . The effect of NRG-1 on ISI, as reflected by the heart rate in the MI model, demonstrated that it has beneficial effects on cardiac function. The direct impact of NRG-1 on the mature sinus node remains unknown; however, several previous studies have suggested that NRG-1 may serve potential roles (8, 40, 41) . NRG-1/ErbB signaling was associated with both sympathetic and parasympathetic nerve activation (5) . Furthermore, NRG-1 has previously exhibited sympathoinhibitory effects in the brain cardiovascular control center and was also involved in Ach-mediated synaptic transmission in the autonomic ganglia (5, 42) . One reported result of NRG-1 microinjec-42). One reported result of NRG-1 microinjec-2). One reported result of NRG-1 microinjection into the rostral ventrolateral medulla was a decrease in heart rate (6). Another study revealed that NRG-1 promoted cardiomyocyte differentiation into conduction system cells, as reflected by the increase in pacemaker current density during prenatal development (33) .
The other FP parameters observed in the present study reflect the electrical activity, the spread of excitation and the electrophysiological alterations of myocardial cells. The relevant intrinsic characteristics of the FP parameters have been indicated to exhibit a linear association with APs by a number of previous reports (28) . According to previous studies, the parameters FPrise and FPD were correlated with the AP upstroke time and AP duration (APD), FPmin and FPmax corresponded individually to the depolarization and repolarization of electrode attached tissues, and FPmin was critically dependent on the Na + current (27) . In the MI group, the shortened FPD and decreased FPrise and FPmax were consistent with the values noted in previous investigations in ischemic AP in other animal models, which were considered to correspond to the generation of arrhythmias in MI (43, 44) .
Following pretreatment with NRG-1 in the MI rats, the results of the present study demonstrated that NRG-1 prolonged FPD in the infarct, peri-infarct and normal zones. Reversal of the shortened FPD by NRG-1 suggested that NRG-1 could prolong APD in the acute ischemic myocardium. However, to the best of our knowledge, no previous studies have reported on the impact of NRG-1 on cardiac myocyte APs. As it is accepted that shortened APD in acute ventricular ischemia increases the susceptibility to arrhythmia, pretreatment with NRG-1 appeared to have a stabilizing effect on the cardiac electrophysiology in acute MI models.
FPrise associated with AP upstroke was significantly increased in the infarct zone following NRG-1 administration Data represent mean ± standard error of the mean of various FP parameters in SO, MI and NRG-1 groups, respectively. SO, shame operation; MI, myocardium infarction; NRG-1, neuregulin-1; FP, field potential; ISI, interspike interval; CV, conduction velocity; FPD, field potential duration. in the present study. The voltage-gated Na + channel is responsible for the AP upstroke in cardiomyocytes and drives a critical determinant of electrical propagation; it may also serve a crucial role in arrhythmogenesis (45) . NaV1.5, the membrane protein primarily present in cardiac myocytes, is a voltage-gated Na + channel subunit, which mediates the fast influx of Na + ions across the membrane (46). Although there are no studies on the effect of NRG-1 on the cardiac Na + current, two previous studies have demonstrated that myoblast treatment with NRG-1 further increased NaV1.5 in skeletal myocytes (47, 48) .
FPmax and FPmin were produced by the repolarization or depolarization of the recording tissues, respectively, which were generated by the capacitance of the membrane attaching the microelectrode. Pretreatment with NRG-1 significantly reversed the amplitude changes in the FPmax and FPmin of the normal zone following LAD ligation. To the best of our knowledge, no previous studies have investigated the effects of NRG-1 on repolarization and the associated ion current in cardiomyocytes. In the central and peripheral nervous systems, NRG-1 has been reported to regulate the potassium and calcium current in neurons (49, 50) , indicating that NRG-1 may modulate the ion current in cardiomyocytes. CV is an important parameter for excitation propagation. Using MEA technology for recording the present study results provided a satisfactory strategy for measuring the local myocardial CV, particularly for differentiating the varied areas during ischemia. It was observed that CV decreased during ischemia as the ischemic tissue became unexcitable, which is associated with spatial non-uniform propagation and re-entrant circuit in acutely ischemic myocardium, leading to arrhythmia (51, 52) . In the present study, CV significantly decreased in the infarct and peri-infarct zones of the MI and NRG-1 groups when compared with the SO group. However, the NRG-1 group exhibited a significant improvement in CV in the peri-infarct zone when compared with the MI group. Short-term NRG-1 treatment in an experimental model of volume overload-induced heart failure revealed that NRG-1 enabled the recovery of gap junction structure and improved connexin 43 expression (53), giving rise to the hypothesis that pretreatment with NRG-1 may improve electrical conduction.
Except for the abovementioned electrophysiology data, the reduction of VA incidence in the NRG-1 group further confirmed that NRG-1 was advantageous for improving cardiac electrophysiology in MI. A prospective study of out-of-hospital SCD demonstrated a strong association with a common missense variant in NRG-1 and identified ventricular fibrillation in SCD (20) , which suggested that NRG-1 may exert an inhibitory effect on the occurrence of VA. As several results in phase II clinical trials have reported the advantages of NRG-1 administration in chronic heart failure, evaluating the influence of NRG-1 on cardiac electrophysiology may provide comprehensive understanding to enable the use of NRG-1 as a therapeutic agent in cardiovascular disease.
In conclusion, NRG-1 is an endogenous multifunctional modulator in the cardiovascular system. The results of the present study demonstrated that NRG-1 pre-treatment improved cardiac electrophysiology in an MI rat model. However, the underlying mechanisms of NRG-1, including its impact on APs and ion channels in cardiac myocytes, require further investigation.
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